In contrast to other mouse models that are deficient in antioxidant enzymes, mice null for Cu/Zn-superoxide dismutase (Sod1 −/− mice) show a major decrease in lifespan and several accelerated aging phenotypes. The goal of this study was to determine if cell senescence might be a contributing factor in the accelerated aging phenotype observed in the Sod1 −/− mice. We focused on kidney because it is a tissue that has been shown to a significant increase in senescent cells with age. The Sod1 −/− mice are characterized by high levels of DNA oxidation in the kidney, which is attenuated by DR. The kidney of the Sod1 −/− mice also have higher levels of double strand DNA breaks than wild type (WT) mice. Expression (mRNA and protein) of p16 and p21, two of the markers of cellular senescence, which increased with age, are increased significantly in the kidney of Sod1
Introduction
The Free Radical or Oxidative Stress Theory of Aging postulates that reactive oxygen species (ROS) formed exogenously or endogenously from normal metabolic processes play a role in the aging process. The imbalance of pro-oxidants and antioxidants leads to an age-related accumulation of oxidative damage in macromolecules, resulting in a progressive loss in function and aging [1] . Over the past three decades, the Oxidative Stress Theory of Aging has become one of the most popular theories to explain the biological/molecular mechanism underlying aging because several lines of evidence support the theory. First, the levels of oxidative damage to lipid, DNA, and protein have been reported to increase with age in a wide variety of tissues and animal models [2] . Second, studies with animal models showing increased longevity are consistent with the Oxidative Stress Theory of Aging. Longer-lived animals show reduced oxidative damage and/or increased resistance to oxidative stress, e.g., dietary restriction in rodents and genetic manipulations that increase lifespan in invertebrates (C. elegans and Drosophila) and in mice [3] . Thus, the observations that experimental manipulations that increase lifespan in invertebrates and rodents were correlated to increased resistance to oxidative stress or reduced oxidative damage provided strong support for the Oxidative Stress Theory of Aging. However, all of the experimental manipulations that increase lifespan also alter processes other than oxidative stress/ damage; therefore, the increase in longevity in these animal models could arise through another mechanism.
Over the past two decades, our group has directly tested the role of oxidative damage/stress in aging by genetically manipulating the antioxidant status of a wide variety of antioxidant genes to increase or reduce the level of oxidative stress/damage and determine what affect these manipulations had on lifespan. Our research with 18 different genetic manipulations in the antioxidant defense system shows that only the mouse model null for Cu/Zn-superoxide dismutase (Sod1) had an effect on lifespan (in this case a decrease in lifespan) as predicted by the Oxidative Stress Theory of Aging [4] . Because Elchuri et al. reported that more than 70% of Sod1 −/− mice developed liver hyperplasia and hepatocellular carcinoma later in life, it was initially believed that the 30% decrease in the lifespan of Sod1 −/− mice was not due to accelerated aging but was the result of a dramatic increase in hepatocellular carcinoma, which is rare in C57BL/6 mice [5] . In a more recent study, we found a similar 30% decrease in lifespan of the Sod1 −/− mice; however, in our study, only about 30% of Sod1 −/− mice developed hepatocellular carcinoma later in life [6] . In addition, we showed that dietary restriction (DR), which is a manipulation that retards aging in rodents, increased the lifespan of the Sod1 −/− mice to that of normal, wild type (WT) mice. These data combined with studies showing that Sod1 −/− mice exhibited various accelerated aging phenotypes [e.g., muscle atrophy and loss of fat mass, hearing loss [7] , cataracts [8] , skin thinning and delayed wound healing [9] lead us to conclude that the Sod1 −/− mice exhibit accelerated aging. This then raised the question of why we observed a significant decrease in lifespan and accelerated aging in only the Sod1 −/− mice and not in other mouse models with compromised antioxidant defense systems that showed changes in oxidative stress/damage. Sod1 −/− mice show a much higher level DNA oxidation (i.e., 8-oxodG levels) in tissues than any of the mouse models we have studied, which all have deficiencies in one or more of the antioxidant genes [4] . In addition, DNA mutations have been reported to increase significantly in several tissues in Sod1 −/− mice [10] . Because the DNA damage response has been shown to play a central role in the generation of senescent cells [11] and because Van Deursen's laboratory has shown that clearance of senescent cells delays aging-associated disorders and increases lifespan in a progeroid mouse model [12] as well as normal, WT mice [13] , we hypothesized that the increased oxidative damage to DNA in tissues of Sod1 −/− mice could activate the DNA damage response and drive cells into becoming senescent. To test The data are the mean ± SEM of 4 mice per group and were statistically analyzed by one-way ANOVA followed by student T-test. The asterisk (*) indicates a significance (P < 0.05) difference between either young WT mice or young Sod1 −/− mice on DR and old WT mice or young Sod1 −/− mice on DR. There were no significant differences between the old WT and young Sod1 −/− mice or the young WT and young DR young Sod1 −/− mice. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
our hypothesis, we measured various markers of cellular senescence in kidney tissue, a tissue that shows a significant increase in senescent cells with age [14] . We compared kidney from young-adult and old WT mice and young-adult Sod1 −/− mice fed ad libitum or a DR-diet. Our data clearly demonstrate that the level of senescent cells is dramatically increased in the kidney of young-adult Sod1 −/− mice compared to young-adult WT mice and are at a level comparable to old WT mice. In addition, we observed that the increase in cellular senescence observed in the Sod1 −/− mice was attenuated by DR. Interestingly, the increase in cellular senescence in the Sod1 −/− mice was correlated to increased circulating cytokines. Thus, our data suggest that increased cellular senescence could play a role in the accelerated aging phenotype we have observed in the Sod1 −/− mice.
Results

Cellular senescence is induced in the kidney of Sod1
−/− mice Using several assays, we measured the level of cell senescence in the kidneys from four groups of mice: 4-to 6-and 24-month-old wild type (WT) mice and 6-month-old Sod1 −/− mice fed ad libitum or a DR diet. We first measured the expression of two of the well-accepted markers of cellular senescence, p16INK4a and p21 [11] . As shown in Fig. 1A , the transcripts for both p16INK4a and p21 protein increased significantly with age in the WT mice. Berkenkamp et al. had previously reported a 3-fold increase in p16INK4a mRNA levels in the kidney of mice between 3-5 and 18 months of age [14] . More importantly, we observed a 2.5-fold increase in p16INK4a transcript levels in the Sod1 −/− mice compared to agematched WT mice, which is similar to the level of p16INK4a in the old WT mice. DR attenuated the increase in cell senescence in the Sod1 −/− mice.
The level of p16INK4a transcripts was significantly reduced in the Sod1
mice fed a DR diet for 4 months to a level similar to that observed in the young WT mice. As can be seen in Fig. 1A , similar changes were observed in the levels of p21, e.g., the Sod1 −/− mice showed a 3-fold increase in p21 transcript levels, and DR reduced the expression of p21. We further determined if the changes in p16INK4a and p21 transcript levels were observed at the protein level. Fig. 1B shows the protein levels of p16INK4a and p21 in the kidneys from the four groups of mice. These data show similar changes in the expression of p16INK4a and p21 proteins, i.e., a dramatic increase in these two proteins in the kidneys from old mice and 6-month-old Sod1 −/− mice, which is reduced by DR. Interestingly in our previous study, we observed no significant difference in p21 levels in liver from 6-month-old WT and Sod1 −/− mice [6] . We believe that the most likely explanation for these differences in p21 expression in kidney and liver of the Sod1 −/− mice is due to the physiological differences in how these tissues respond to increased oxidative damage/stress. In liver, increased oxidative stress has been shown to lead to activation of regeneration [15] and increased regenerative proliferation, which is linked to hepatocellular carcinoma [16] . Therefore, Elchuri et al. [5] proposed that oxidative damage/stress in liver results in cell injury/death leading to regeneration, chromosome instability, and eventually hepatocellular carcinoma. Based on our limited data, it would appear that oxidative stress/damage in kidney leads to cell senescence rather than regeneration and proliferation. We next measured the senescence associated β-galactosidase (SA-β-gal) activity in kidney of Sod1 −/− mice, which is the hallmark of cellular senescence [17] . As shown in We previously reported a significant increase in DNA oxidation (measured as the level of 8-oxo-dG) in several tissues from Sod1 −/− mice, e.g., skeletal muscle, liver, kidney and brain [7] . To determine if the changes in cell senescence in kidney correlated with changes in DNA damage, we measured the level of 8-oxo-dG in kidney of WT and Sod1 −/− mice. As shown in Fig. 2A , we observed a significant increase (40%) in DNA oxidative damage in the Sod1 −/− mice compared to the WT mice, and DR suppressed the increase of DNA oxidation in kidney of the Sod1 −/− mice to the level observed in the WT mice. In a second cohort of mice, we measured the level of double strand DNA breaks (DSBs) in kidney tissue from 4-month-old WT and Sod1 −/− mice as percentage of γ-H2AX nuclei, a widely used marker for DSBs [18] . As can be seen in Fig. 2B , kidney from the Sod1 −/− mice showed a dramatic increase (52%) in DSBs compared to the WT mice. Thus, the increased damage to DNA in the Sod1 −/− mice is correlated to an accumulation of DSBs in kidney.
Expression of inflammatory cytokines are induced in the kidney of Sod1
−/− mice Campisi's laboratory made the important discovery that senescent cells secret biologically active proteins (e.g., growth factors, proteases, cytokines, and other factors) that have potent autocrine and paracrine activities [19, 20] . Therefore, we measured the expression of several inflammatory cytokines in kidney that have been shown to be induced in senescent cells: IL-6, IL-1β and IL-8. As shown in Fig. 3A , IL-6 and IL-1β transcript levels increased significantly (40-fold and 3-fold respectively) in kidney of old WT mice. Compared to age-matched WT mice, the Sod1 −/− mice have significantly higher levels of IL-6 and IL-1β mRNA transcripts (20-fold and 2-fold respectively), which are comparable to the transcript levels observed in old WT mice. DR attenuated the increased expression of the transcripts for IL-6 and IL-1β mRNA in the Sod1 −/− mice. Although we did not observe significant changes in the transcript levels of IL-8 mRNA because of the large animal to animal variation, a trend similar to IL-6 and IL-1β was observed in the old WT and Sod1 −/− mice for IL-8. In a second group of mice, we also measured the activation of nuclear factor kappalight-chain-enhancer of activated B cells (NFκB) p65 because cytokines secreted by senescent cells can activate NFκB in surrounding cells, leading to a wave of increased production of pro-inflammatory cytokines in a tissue [21] . The activation of NFκB p65 was measured by the phosphorylated levels of NFκB p65 (pS536) because phosphorylation of this serine residue in the C-terminal transactivation domain has been shown to be involved in nuclear import of p65 to stimulate the expression of specific target genes involved in inflammation. As shown in Fig. 3B , the ratio of NFkB p65 (pS536) to the total NFkB p65 is significantly increased in the Sod1 −/− mice at both 4 and 9 months of age. Because we observed changes in the expression of IL-6 in the kidney of the Sod1 −/− mice, we were interested in determining if circulating levels of IL-6 were increased in the Sod1 −/− mice. As shown in Fig. 3C , plasma levels of IL-6 increased 4-fold in the old WT mice compared to the young WT. A similar age-related increase in circulating levels of IL-6 has been reported in mice [22] . More importantly, the circulating levels of IL-6 were dramatically increased (over 6-fold) in the Sod1 −/− mice, and this increase was completely attenuated by DR.
Because of the dramatic changes in circulating levels of IL-6 in the Sod1 −/− mice, we measured the levels of a panel of cytokines in the serum of a second group of 9-month-old WT and Sod1 −/− mice and 25-29-month-old WT mice. In addition to IL-6, three of the ten cytokines we measured increased significantly in the Sod1 −/− mice (Table 1) . Although we observe a great deal of animal to animal variation in cytokine levels, it is striking that each of the Sod1 −/− mice showed a global increase in circulating cytokine levels, similar to old WT mice. For example, the sum of the ten cytokine levels was 1.8-fold higher for the Sod1 −/− mice compared to the WT mice.
Sod1 −/− mice have increased renal pathology
To determine if the changes in cell senescence in the Sod1 −/− mice had functional consequences, we measured the renal pathology in WT and Sod1 −/− mice when they died. As shown in Table 2 , the overall (B) NFkB p65 (pS536) levels in kidney were measured using a Simple
Step ELISA kit from Abcam [48] and expressed as the ratio of NF-κB p65 pS536/Total NF-κB p65. (C) Quantification of IL-6 in plasma by ELISA. Four groups of mice were studied: young (4-6 month-old) (turquoise bar) and old (24 month-old) mice (blue bar) WT mice and young (4-6 month-old) Sod1 −/− mice fed ad libitum (red bar) or young (6-month-old) Sod1 −/− mice on DR (yellow bar). The cytokines data are the mean ± SEM of 4 mice per group and were statistically analyzed by one-way ANOVA followed by student T-test. The asterisks indicate statistical significance (*P < 0.05 and **P < 0.01) between either young WT mice or young DR Sod1 −/− mice and old wild type mice or young Sod1 −/− mice. There were no significant differences between the old WT and young Sod1 −/− mice or the young WT and young DR Sod1 renal pathology increased significantly in the kidney of Sod1 −/− mice, e.g., the incidence of mice with renal pathology is significantly higher in the Sod1 −/− mice. In addition, the total number of lesions identified in the Sod1 −/− mice was significantly higher as well as the number of lesions per mouse with renal pathology, which indicates that the severity of renal pathology was significantly greater in Sod1 −/− mice.
The renal pathology lesions that increased most prominently in the Sod1 −/− mice included glomerulonephritis, nephrocalcinosis, and lymphocyte infiltration. Sod1 −/− mice maintained on a DR-diet showed a significant reduction in both the incidence and severity of renal pathology.
Discussion
The role of oxidative stress in aging has been called into question by experiments from our group showing that in 18 different genetically modified mouse models, in which various components of the antioxidant defense system were altered to increase or decrease the level of oxidative stress/damage in tissues, only Sod1 −/− mice showed a change in lifespan (a 30% decrease) and accelerated aging phenotypes as predicted by the Oxidative Stress Theory of Aging [23] . The focus of this study was to begin testing various mechanisms that would account for the accelerated aging in the Sod1 −/− mice. Because DNA oxidation (i.e., 8-oxo-dG levels) is much higher in tissues from the Sod1 −/− mice than in any of the mouse models we have studied, which all have deficiencies in one or more of the antioxidant genes [4] , we hypothesized that the Sod1 −/− mice might show increased cell senescence.
Consistent with this hypothesis, is our observation that DR, which increased the lifespan of Sod1 −/− mice [6] , reduces the level of DNA oxidation in the Sod1 −/− mice. It is well established that DR dramatically increases the resistance of mice to oxidative stress, leading to reduced oxidative damage to various macromolecules [2] , including the level of 8-oxo-dG in DNA of tissues from rats and mice [24] . By itself, 8-oxo-dG is not particularly mutagenic; however, when 8-oxo-dG residues are found in a cluster of lesions along with single strand breaks, double strand DNA breaks (DSBs) are generated when the cell attempts to repair these lesions [25] [26] [27] . Our data show that the level of DSBs is significantly increased in the kidney of Sod1 −/− mice compared to WT mice. Although we did not study the effect of DR on the level of DSBs in Sod1 −/− mice, Hallam et al., 2016, showed that the age related increase (~30%) in H2A.X foci in the central cornea of the mice was attenuated by DR [28] . DSBs have been shown to be involved in the generation of senescent cells through the formation of DNA-SCARS (DNA segments with chromatin alterations reinforcing senes- The levels of ten cytokines were measured in the serum collected from five 9-month-old WT (WT-Young), nine 26-29-month-old WT (WT-old) and six 9-month-old Sod1 −/− (KO) mice.
The level of each cytokine is shown for each of the mice studied and is expressed as pg/ml (0 indicates that the level of the cytokine in the serum of that animal was undetectable). The total represents the sum of the levels of all ten cytokines in the serum of each mouse. The data were analyzed using one-tailed student's T-test, and the p-values are given. Cytokines showing a significant increase in the Sod1 −/− mice and old mice, compared to young-WT, are identified with an asterisk. The data presented are end of life pathology that were extrapolated and summarized from previous studies by our group [6, 49] . * p < 0.05 denotes statistical significance between the KO (Sod1 −/− mice) and the other two groups, WT (wild type) or KODR (Sod1 −/− mice on DR). ** p < 0.05 denotes significance difference between the KO and WT mice but not the KODR.
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Redox Biology 11 (2017) [30] [31] [32] [33] [34] [35] [36] [37] cence) [29] , which are persistent DNA damage foci that induce the DNA damage response signaling including the induction of two tumor suppressor pathways, e.g., p53/p21 and pRB/p16INK4a. Most senescent cells express p16INK4a, which is a cyclin-dependent kinase inhibitor that leads to pRb hypophosphorylation. The expression of p16INK4a has been shown to increase with age in mouse and human [30] . Our data clearly demonstrate that the level of senescent cells is dramatically increased in the kidney of young (6 months) Sod1 −/− mice compared to young WT mice and is at a level comparable to old (24 months) mice, e.g., an increase in the expression of p16INK4a and p21 and an increase in β-gal positive cells was observed. In addition, the increase in cell senescence observed in the Sod1 −/− mice was attenuated by DR, which we have shown increases the lifespan of the Sod1 −/− mice [6] . Thus, we show that the decrease in the lifespan in the Sod1 −/− mice or the increase in the lifespan of the Sod1 −/− mice fed a DR diet, correlate to changes in cell senescence. Van Deursen's laboratory has shown that clearance of p16INK4a positive senescent cells delays aging-associated disorders and increases lifespan in a progeroid mouse model as well as normal, WT mice [12, 13] . Thus, cell senescence could play a role in the accelerated aging phenotype we have observed in the Sod1 −/− mice.
Our data also point to a mechanism of how the increase in cell senescence might lead to accelerated aging in the Sod1 −/− mice.
Campisi's laboratory has shown that senescent cells secret biologically active proteins (e.g., growth factors, proteases, cytokines, and other factors) that have potent autocrine and paracrine activities [19] ; a process termed the senescence associated secretory phenotype (SASP). The SASP includes several potent inflammatory cytokines including IL-1β, IL-6 and IL-8 which may serve as an important source of low-level chronic inflammation [31] . We showed that the expression of IL-6 and IL-1β are dramatically increased in the kidney of the Sod1 −/− mice. We also measured the levels of NFκB p65 activation in kidney tissue because cytokines produced by senescent cells have been shown to activate NFκB in surrounding cells. Therefore, only a few senescent cells have the potential to lead to a wave of increased production of proinflammatory cytokines in a tissue [21] . The NFkB pathway is a wellestablished proinflammatory signaling pathway known to increase expression of cytokines and chemokines [32] . We showed that NFκB activation was higher in the kidney of the Sod1 −/− mice. Because NFkB has been shown to act as a master regulator of the expression of SASP genes [33, 34] , the increase in NFkB activation in the Sod1 −/− mice could further increase the production of pro-inflammatory cytokines by senescent cells. Based on our study with kidney, we propose senescent cells also accumulate in other tissues of the Sod1 −/− mice, and this accumulation of senescent cells in Sod1 −/− mice plays a role in the accelerated aging and increased mortality observed in the Sod1 −/− mice through the production of proinflammatory cytokines by senescent cells. Indeed, we showed that Sod1 −/− mice had elevated circulating levels of many proinflammatory cytokines, demonstrating for the first time that inflammation is elevated in the Sod1 −/− mice. Finch and Grimmins argue that senescent cells play an important role in increased inflammation that contributes to aging and age-related disease [35] . Chronic, low grade inflammation with age, often called 'inflammaging' is a prevalent feature of aging as well as many age-related diseases such as cardiovascular disease, type 2 diabetes, and dementia [36] . In addition, inflammaging is a substantial risk factor for both morbidity and mortality in the elderly people, e.g., epidemiological data show that inflammaging is associated with and predictive of aging phenotypes including frailty [36, 37] . We recognize that increased oxidative stress in the Sod1 −/− mice could lead to increased inflammation by mechanisms other than cell senescence. For example, necroptosis is a novel pathway of regulated necrosis that plays an important role in the development of inflammation and inflammatory diseases. Necroptosis can be induced by multiple factors such as death receptors, interferons, toll-like receptors or intracellular RNA, DNA sensors, and recent studies show that oxidative stress is an important initiator of necroptosis [38] . For example, absence of glutathione peroxidase 4 has been shown to induce necroptosis in mouse erythroid precursor cells [39] , and knocking out a necrosis mediating protein, RIP3 (receptor-interacting protein 3) reduces inflammation and mortality in a mouse model of atherosclerosis [40, 41] . Oxidative stress has also been linked to the development of inflammation through activation of NLRP3 inflammasome. The NLRP3 inflammasome is unique among innate immune sensors because it can be activated in response to a diverse array of endogenous metabolic ''danger signals'' to induce sterile inflammation in absence of overt infection. The generation of reactive oxygen species is one of the proposed mechanisms that triggers NLPR3 activation [42] , and a recent study has shown that reduction of NLRP3 inflammasome activation enhances healthspan and reduces age-related functional decline in mice [43] . In summary, we believe that our data point to a new concept of how oxidative stress might lead to aging. Initially, it was proposed that oxidative damage (e.g., damage to lipid, protein, or DNA) was responsible for a deterioration of cellular function and eventually age-related pathologies and aging. However, cells have numerous pathways to repair damage that occurs to cellular macromolecules, i.e., macromolecular damage represents a steady state between the amount of damage occurring at one time and the ability of cells to repair the damage. Thus, a cell/tissue might experience a high level of oxidative stress resulting in high levels of damage, which could be repaired over time. Based on our data, we propose that in response to high levels of oxidative damage resulting in DSBs, a cell becomes senescent, which is irreversible. Velarde et al. [44] showed increased DSBs and cell senescence in the skin of very young mice null for Mnsuperoxide dismutase (Sod2). Sod2 −/− mice show massive levels of oxidative stress and die within a few days after birth [45] . We propose that a brief high level of oxidative damage could give rise to a senescent cell before it is repaired to steady state levels by the cell. Once generated, the senescent cell would remain in the tissue over the lifespan of the mouse. Thus, various bouts of oxidative stress over the lifespan of an animal has the potential lead to the accumulation of senescent cells even though the steady state levels of damage are increased only transiently. This concept is similar to the role that DNA damage plays in cancer. DNA damage, which can be continuously repaired, becomes important only when it leads to a permanent change in the genome because of a change in the DNA sequence resulting in a mutation. Therefore, we are proposing that oxidative damage plays a role in aging when the damage produced by increased ROS results in the generation of senescent cells, which can accumulate over the lifespan of an animal.
Experimental procedures
Animals
The Sod1 −/− mice used in this study were generated by Dr. Charles
Epstein and Ting-Ting Huang and were genotyped as previously described [5] . Sod1 −/− mice were fed a standard NIH-31 chow (19.1% protein, 5.8% fat, 62.7% carbohydrate) obtained from Harlan Teklad, Madison, WI (Diet LM485) and were housed 4 mice/cage under barrier conditions in micro-isolator cages on a 12-h dark/light cycle. For tissue collection, animals were sacrificed by CO 2 inhalation followed by cervical dislocation, and the tissues were immediately excised and placed on ice or in liquid nitrogen depending on the procedures performed later. All tissues following collection were stored at −80°C and analyzed within 30 days. Dietary restriction (DR) was initiated at 2 months of age by feeding the mice 60% of diet (by weight) consumed by the mice fed ad libitum as described previously [6] . All procedures were approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio.
Western blots
Mouse kidney was homogenized in ice cold RIPA buffer supplemented with a cocktail of inhibitors for proteases and phosphatases (Roche, Indianapolis, IN). Protein concentrations were determined using the BCA reagents from Thermo Scientific (Rockford, IL). Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane. Target proteins were detected with the following specific antibodies against: p21 (F-5) and p16INK4a (M-156) from Santa Cruz Biotechnology (Santa Cruz, CA); SOD1 from Assay Designs (Ann Arbor, MI); and β-tubulin from Sigma (St. Louis, MO).
Quantitative PCR (qPCR)
RNA was extracted from the kidney using the TRI reagent (Invitrogen, Carlsbad, California) following the manufacturer's instructions. Equal amount of RNA was reverse transcribed into cDNA using the iScript kit from Bio-Rad (Hercules, CA). qPCR was performed using the SYBR green reagents in the ABI 7900H system (Life Technologies, Grand Island, NY) using the following primers, and the mRNA transcript levels were normalized to GAPDH. 
SA-β-gal activity
The assay for SA-β-gal activity was performed as described by DebacqChainiaux et al. [46] . Freshly harvested kidney was flash-frozen in liquid nitrogen followed by embedding in Tissue-Tek O.C.T. compound (Sakura Finetek USA, Torrance, CA). The tissues were immediately sectioned in a cryostat machine at 10 µm thickness and transferred to glass slides, followed by fixation in 2% formalin at room temperature for 5 min. After washing with PBS 3 times, the slides were incubated with freshly prepared SA-β-Gal activity detection solution (1 mg/ml X-gal, 5 mM Potassium Ferrocyanide, 5 mM Potassium Ferricyanide, 2 mM MgCl2, pH to 6.0) at 37°C overnight. After the incubation, the tissues were countered stained with 1% eosin for 3 min followed by washing with PBS for 3 times. The SA-β-Gal positive cells were counted under a light microscope. For each mouse, 3 tissue sections with 10 regions (total cell number was more than 1000 for each section) were analyzed for each kidney.
Quantification of blood cytokines
Blood was collected in heparin coated tubes followed by centrifugation at 1000×g for 10 min at 4 centigrade. Enzyme linked immunosorbent assay (ELISA) was used to determine the level of IL-6 with a 96-well plate precoated with antibodies specific for mouse IL-6 (BioLegend, San Diego, CA). Each sample was assayed in triplicates. A serial dilution of standard mouse IL-6 was included in the assay. The absorbance at 450 nm was measured in a microplate reader within 30 min. In subsequent experiments, the levels of 10 cytokines in serum were determined using the Milliplex Map Kit: Mouse Cytokine/ Chemokine Magnetic Bead Panel (EMD Millipore Corporation, Billerica, MA) and a Luminex Bio-Plex 200 system. 4.6. DNA damage 4.6.1. 8-oxo-dG Oxidative damage to DNA was measured as the level of 8-oxodeoxyguanosine (8-oxo-dG) using the HPLC approach as described previously [47] . DNA was isolated from tissues by the NaI method using the DNA Extractor WB kit obtained from Wako Chemicals USA, Inc. (Richmond, VA). Results are expressed as the ratio of nanomoles of 8-oxo-dG to 10 5 nmol of 2-deoxyguanosine.
DNA double strand breaks (DSB)
DSBs were measured by immunochemistry as mean percentage of γ-H2AX positively stained nuclei [18] . Briefly, formalin-fixed paraffin embedded Kidney sections were treated according to standard protocols. Anti-histone H2A.XS139pH from Active Motif (Carlsbad, CA) was used as primary antibody at 1:1000 dilution. HRP-conjugated goat anti-rabbit (Santa Cruz Biotechnology, CA) at a dilution of 1:1000 was used as secondary antibody and the HRP activity was detected using a DAB substrate Kit (Invitrogen Thermo fisher scientific).
